The voltage biased SQUID Bootstrap Circuit (SBC) was recently demonstrated for direct readout of SQUID signals. The SBC combines current-and voltage-feedbacks in one circuit to suppress the preamplifier noise. It offers not only a good noise performance, but also wide tolerance of SQUID parameters. Using SBC gradiometer, the bio-magnetic signals were successfully measured. In this paper, we overview the concept of SBC and its applications.
Introduction
Low T c dc superconducting quantum interference devices (SQUIDs) are widely used in biomagnetic measurements due to their ultra high sensitivity. For SQUID readout electronics, it is always a tough challenge to keep the preamplifier noise contribution below the SQUID intrinsic noise and to simplify the readout electronics.
Usually, the dc SQUID can be operated in two modes -the current bias mode and the voltage bias mode. In principle, no difference exists between the above two modes for SQUID intrinsic noise [1] .
In order to reduce the preamplifier noise, there are different readout approaches. The standard is the flux modulation (FM) scheme [2] . In FM, a transformer is used to translate the low impedance of the SQUID to the high impedance of the preamplifier.
In biomagnetic SQUID multichannel systems, two types of direct readout techniques without FM were developed in the early 1990s to simplify the readout electronics. One is additional positive feedback (APF), which is operated in current bias mode [3] . It enhances the flux-tovoltage transfer coefficient to suppress the flux noise contribution of the preamplifier by setting a working point on the steep slope of a strongly asymmetric V-Φ characteristic. The other one, called noise cancellation (NC), is proposed by Seppä et al. and is operated in voltage bias mode [4] . The NC increases the dynamic resistance of NC circuit, thus reducing the preamplifier noise.
In this paper, we overview one alternative direct readout scheme called SQUID bootstrap circuit (SBC) [5] , which was proposed by the scientists in Chinese Academy of Sciences and Jülich Research Center, Germany. In the past four years, SBC was introduced [5] - [7] , the parameter tolerances were discussed [8] , [9] , a gradiometer module with pickup antenna and integrated voltage feedback circuit was developed [10] , and the biomagnetic measurements were performed [11] .
SQUID Bootstrap Circuit (SBC)
In voltage bias mode, the dc SQUID can be considered as a flux-to-voltage (∂V/∂Φ) converter and the dynamic resistance of the SQUID R d , which are connected in series. If a constant bias voltage V b is applied across the dc SQUID, an external magnetic flux φ e causes a current change through the SQUID determined by (∂i/∂Φ) = (∂V/∂Φ)/R d . The current i is periodically modulated by the external magnetic flux φ e . Periodicity of the I-Φ characteristic is the flux quantum Φ 0 .
The noise from the preamplifier contains two components -the voltage noise V n and the current noise I * n . Usually, V n dominates the noise contribution of the preamplifier in the direct readout schemes. In the voltage bias mode, the equivalent flux noise of a preamplifier is expressed as
The voltage biased SQUID bootstrap circuit (SBC) consists of two parallel branches B 1 and B 2 shown in Fig. 1(a) : B 1 comprises the dc SQUID and the feedback coil of inductance L 1 connected in series. L 1 is inductively coupled to the SQUID loop with a mutual inductance M 1 . Branch B 1 is shunted by B 2 consisting of a shunt resistor R s and a coil of inductance L 2 , which is coupled to the SQUID with a mutual inductance M 2 . The room temperature readout circuit is also shown in Fig. 1(a) creases the dynamic resistance R d to suppress the preamplifier noise. The functions of B 1 without B 2 can be described as:
According to the above two equations, the product of (∂i/∂Φ) B1 and R
keeps constant. Therefore, B 1 alone does not contribute to the reduction of δΦ preamp . At the critical condition of
Now we analyze both branches together and take into account the voltage noise V n from the preamplifier. The bias voltage can be expressed as V b + V n . Here, the dc voltage V b has already been adjusted to the optimal value. The bias voltage (V b + V n ) and the voltage change across SQUID caused by φ e only act as potentials. The corresponding voltages are generated by the current i + i n , which always flows from the output of the preamplifier V m via R g to SBC (see Fig. 1 ).
The equivalent circuit of the noise current caused by V n is shown in Fig. 2 . The following noise analysis applies at low frequencies when
Here, ω n is the noise frequency. In the circuit, branch B 1 is expressed as the dynamic resistance R
and a potential (battery) V sn connecting in series. V sn is generated by the noise flux i n2 M 2 in the SQUID loop via ∂V/∂Φ of the SQUID, where the noise current i n2 = V n /R s . Branch B 2 is denoted as the shunt resis- tor R s , if the impedance ω n L 2 can be neglected. The noise voltage V n is across the two branches (see Fig. 2 ). As V n and V sn have the same polarity, i n1 decreases. Under the "critical condition" V n = V sn of B 2 , i n1 disappears, i n = i n2 and the dynamic resistance of total SBC R (SBC) d = R s . When R s is larger than R d of the bare SQUID, the noise of preamplifier can be effectively suppressed [5] . Comparison of noise measurements with SBC and FM scheme was performed. In such measurements, several liquid-helium-cooled SQUID magnetometers with different layouts and SQUID loop inductances were employed. Measured noise of SBC was comparable to or even lower than that of FM scheme [7] .
Two numerical simulations -one based on SBC equivalent circuit and the other one on the basic Josephson RCSJ model and network equations -were performed [6] , [12] . Both simulations showed that the SBC provides a good flexibility in both parameter choice and wide margins for their adjustment.
The difference between SBC and NC is the introduction of a current feedback into the SBC circuit. The current feedback (branch B1) significantly extends the linear range at the working point, thus increasing system stability and slew rate [13] . Furthermore, the current feedback can improve parameter tolerances [8] to enhance the sample fabrication yield.
An ideal voltage source with zero intrinsic resistance R in is very difficult to realize. To study the influence of voltage source resistance R in on the SBC parameters (i.e., the flux-to-current transfer coefficient (∂I/∂Φ) SBC and the dynamic resistance R (SBC) d as well as the noise performance), an additional variable room-temperature resistor R ad between the liquid-helium-cooled SQUID and the preamplifier was introduced. The measured SQUID noise remains practically unchanged for R ad of less than 50 Ω. Low-temperature cables with low thermal conductivity but high resistivity can be chosen to reduce the total heat loss in the SBC scheme without compromising the sensitivity, which is of great importance in multi-channel applications [14] .
SBC Gradiometer Module
In biomagnetic measurements, planar or axial gradiometers are generally used to suppress external interference, thus enhancing the measurement signal-to-noise ratio (SNR). We developed a planar dual-loop gradient SQUID with an input coil connecting a niobium wire-wound antenna to construct an SBC axial gradiometer [10] . Here, a dual-loop washer-SQUID is employed to suppress external magnetic disturbances and to provide space for setting different coils. However, due to shortage of space, the SBC current feedback coil L 1 is absent in the first setup. Therefore, the SBC readout scheme in this design is simplified to a NC circuit. The coils L 2 and L FLL are inductively coupled to the left loop of the SQUID via the mutual inductances M 2 and M FLL , while the input coil L in couples to the right loop of SQUID via M in . The SQUID is shunted by a voltage feedback circuit consisting of L 2 and R s . Several optional planar resistors R s are placed on the chip. In this design, a resistor-capacitor serial branch R x − C x was inserted to shunt the input coil L in with a low pass filter in order to reduce the high frequency disturbance from the pickup antenna. Besides, the planar L 2 coil is covered by a resistor strip R shunt to damp the resonance phenomena originating from the parasitic capacitance between the SQUID washer and the integrated coil.
The practical SQUID-chip layout is shown in Fig. 3(b) . The junction size is 3 μm × 3 μm and its shunted resistance is 20 Ω. One SQUID hole size is 280 μm × 280 μm. The SQUID inductance is estimated to be 350 pH. The turns of coils L 2 , L FLL and L in are 26, 3 and 27, respectively. The measured mutual inductances M 2 , M FLL and M in are 2.35 nH, 0.13 nH and 2.4 nH, respectively. The designed resistance R x is 610 Ω (4.2 K) and capacitance C x 10 pH. The heating resistance R h is designed as 160 Ω (4.2 K) and the SBC shunt R s 80∼240 Ω (4.2 K). One can choose a suitable resistor R s from several discrete thin-film resistors fabricated on the chip in order to obtain the optimum dynamic resistance of SBC circuit. With two large pads of size 2.2 mm × 1.9 mm at the terminals of the input coil, it is convenient to realize the superconducting connection between the input coil and the antenna.
The gradiometer module with direct readout circuit consists of an Nb-SQUID chip, an axial Nb wire-wound first-order gradient pickup antenna, a polymer supporter, and an Nb shielding tube. The schematic diagram of the SBC gradiometer is shown in Fig. 4(a) . The planar SQUID chip is encapsulated after choosing R s .
The pickup antenna is a first-order gradient coil with a diameter of 10 mm. The inductance of the pickup coil is estimated to be 400 nH, which is somewhat smaller than that of the input coil of about 500 nH. The superconducting connection between the input coil and the pickup coil is realized by soldering lead-indium (PbIn) alloy. Finally, the encapsulated SQUID chip and the antenna are mounted on a polymer supporter. A thin niobium shielding tube is used to eliminate the environmental signal detected by the SQUID itself. Figure 4(b) shows the gradiometer module.
Calibration of SBC Gradiometer
The sensitivity of the gradiometer module was measured inside a magnetically shielded room (MSR). The gradiometer module was mounted on the bottom of a non-magnetic liquid helium cryostat. A calibrating reference coil with a diameter of 20 cm and 5 turns was placed under the Dewar. The distance between the reference coil and the bot- tom loop of the axial gradient antenna was 63 mm. Using Biot-Savart's law, the gradient field-to-flux transfer coefficient could be obtained by calculation.
The field sensitivity of this module was measured to be about 1 fT/(cm· √ Hz) at 100 Hz as shown in Fig. 4(c) . This corresponds to a magnetometer noise of 5 fT/ √ Hz for a current loop with very small diameter. A noise contribution from mechanical vibrations clearly appeared in low frequency range (< 50 Hz) for the simple setup of the measurement system.
Biomagnetic Measurements Using SBC Gradiometer Module
Using above SBC gradiometer module, the biomagnetic measurements were performed in a magnetically shielded room (2.5 m × 2.5 m × 2.4 m) with moderate shielding factors (60 dB@1 Hz, 47 dB@0.1Hz). The bottom thickness of the nonmagnetic fiber glass liquid helium cryostat is about 16 mm. The outputs of FLL are recorded by a 24-bit acqui- sition system. Firstly, magnetocardiographic (MCG) signals of a 28-year-old adult subject were recorded with a sample rate of 2560 Hz. Figure 5 (a) is the 30 s real-time MCG signals with 150 Hz low-pass filter. Here, the signal-to-noise ratio (SNR) is more than 50 according to the peak-to-peak value of MCG signal and noise and the R-peak of the MCG signal is approximately 40 pT. The averaged MCG signal is shown in Fig. 5(b) with a period of 0.73 s and its SNR is obviously improved (larger than 100).
The second experiment was to measure a fetus' heart of 30 weeks gestation.
Before the measurement, the position of the fetus' heart is firstly found with a fetus-voicemeter. The liquid helium cryostat should lean with a certain angle to reach the minimum distance between maternal abdomen and the measuring sensor. Figure 6(a) shows the recorded multi-cycle fetal MCG (fMCG) signal after removing the baseline drift by wavelet transformation. The amplitude is around 1 pT and the SNR of the real time fMCG is about 5. The noise mainly comes from the breath of the mother or the movement of the fetus. Figure 6 (b) is the averaged signal and the amplitude of R peak is about 0.8 pT and the cardiac cycle of the fetus is 0.43 s.
In the third experiment, magnetoencephalographic (MEG) signals from auditory evoked magnetic field were measured. The stimulus at 1000 Hz frequency were generated for duration of 100 ms and presented monaurally using Etymotic ER-30 earphones. The audio signals were transmitted to the right ear of the subject with a repetition rate of 1.1 s. MEG signals were measured over the left temporal lobe. The sampling rate is 375 Hz. Figure 7(a) shows the trace of the auditory-evoked response with 100 averages and (b) is that with a 35 Hz low pass filter.
The trace exhibits a prominent peak (N100 m), which should appear at the latency of about 100 ms after the onset of the stimulus, and represents the response that occurs in the primary auditory cortex. However, the N100 m peak in Fig. 7 appeared at about 115 ms (not the predicted 100 ms) because of approximate 15 ms delay of the audio transmission through a soft plastic pipe of 5 m length.
In this section, we mainly overviewed the design, fabrication and evaluation of the SBC first-order gradiometer. Its sensitivity reached 1 fT/(cm· √ Hz) at 100 Hz inside the MSR. As a demonstration, human MCG and auditoryevoked MEG signals were successfully recorded with this module. We reported the fMCG signal in MSR for the first time in China using low T c dc SQUID.
Conclusion and Outlook
In this paper, we overview our works in the past four years: a) the operating principle of the novel SQUID bootstrap circuit (SBC) is described; b) numerical simulations based on SBC equivalent circuit, or on the basic Josephson RCSJ model and network equations are performed; c) measured noise of SBC was comparable to or even lower than that of FM scheme; d) SBC parameters such as M 1 , M 2 , and R s are optimized and their functions are discussed in detail; e) A SBC axial gradiometer module with wire-wound pickup antenna is constructed and its sensitivity reached about 1 fT/(cm· √ Hz) at 100 Hz. Using this SBC gradiometer, MCG, auditory evoked MEG signals and fMCG signals were successfully obtained in a moderate MSR built in SIMIT Jiading campus.
The integrated SBC concept with simple readout electronics is ideal not only for multi-channel applications, but also for readout of radiation detector arrays, etc.
